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The GGA triplet repeats are widely dispersed throughout eukaryotic genomes. (GGA)n or
(GGT)n oligonucleotides can interact with double-stranded DNA containing (GGA:CCT)n to
form triple-stranded DNA. The effects of 8 divalent metal ions (3 alkaline–earth metals and 5
transition metals) on formation of these purine-rich triple-helix DNA were investigated by
electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FT-
MS). In the absence of metal ions, no triplex but single-strand, duplex, and purine homodimer
ions were observed in mass spectra. The triple-helix DNA complexes were observed only in
the presence of certain divalent ions. The effects of different divalent cations on the formation
of purine-rich triplexes were compared. Transition-metal ions, especially Co2 and Ni2,
significantly boost the formation of triple-helix DNA, whereas alkaline–earth metal ions have
no positive effects on triplex formation. In addition, Ba2 is notably beneficial to the formation
of homodimer instead of triplex. (J Am Soc Mass Spectrom 2009, 20, 1281–1286) © 2009
American Society for Mass SpectrometryTriple helices have drawn great attention withrespect to their role in transcriptional regulationand replication in eukaryotes [1]. Recognition of a
purine strand of polypurine–polypyrimidine [poly(R:
Y)] (R: purine, Y: pyrimidine) target duplex DNA by
triplex-forming oligonucleotides (TFO) inhabiting the
major groove was achieved by Hoogsteen or reverse-
Hoogsteen hydrogen bonds. The triplex DNA can be
categorized in pyrimidine motif (Y*R:Y) and purine
motif (R*R:Y), depending on the base composition of
the third strand and its binding orientation to the target
duplex DNA. In the pyrimidine motif, the third strand
consisting of cytosine and thymine binds parallel to the
purine strand of duplex via Hoogsteen bonds and the
N3 of cytosine is required to be protonated under acidic
conditions. Because it is pH dependent, pyrimidine
does not usually bind to DNA at physiologic pH
without further modification [1–3]. In the purine motif,
the third strand binds to the purine strand in duplex
with binding of A to A:T, G to G:C, and T to A:T base
pairs (Figure 1), requires no base protonation, and
primarily exhibits pH-independent binding. The third
strand containing G/A bases binds antiparallel to the
purine strand of the duplex, whereas the third strand
containing G/T bases binds either parallel or antiparal-
lel to the purine strand of the duplex. For the purine
motif, the triplex will be inhibited in the presence of
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doi:10.1016/j.jasms.2009.02.026monovalent cations, such as sodium and potassium,
which serve to coordinate and stabilize the G-rich oligo-
nucleotide dimmers and tetramers [1, 4]. The stabilization
of the bivalent cation to triplex is complicated—i.e., it is
not a simple electrostatic phenomenon—and has been
investigated using circular dichroism, UV absorption
spectroscopy, footprinting techniques, electrophoresis
mobility shift assay, and laser densitometry [5–11].
As a soft ionization technique, electrospray ioniza-
tion mass spectrometry (ESI-MS) has wide application
in the analysis of noncovalent complexes and shows
several prominent advantages in determination of stoi-
chiometry, sensitivity, and speed. ESI-MS has been used
for studies of noncovalent oligonucleotide complexes,
including detection of complex structures of oligonucle-
otides in the gas phase, such as DNA hairpins, du-
plexes, triplexes, and quadruplexes [12–17]. Besides
extensive studies of interactions between various DNA
and drugs and proteins, the interactions of metals with
nucleobases and oligonucleotides have been investi-
gated [17–21]. Since 2002, noncovalent triplex DNA
complexes have been studied by mass spectrometry,
although all of them focused on the pyrimidine motif
[13–15]. To the best of our knowledge, this is the first
investigation on the interactions between the purine
motif and bivalent-cation metals using ESI-MS. ESI-MS
can obtain binding stoichiometries for small amounts of
analytes to DNA. Furthermore, specificity, binding af-
finity, and binding site of metal cation can be deter-
mined by ESI-MS and tandem mass spectrometry [18,
20, 21].
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1282 WAN ET AL. J Am Soc Mass Spectrom 2009, 20, 1281–1286The GGA triplet repeat, which is widely dispersed
throughout eukaryotic genomes, has been found in
microsatellite DNA of the rat polymeric immunoglob-
ulin receptor gene and has also been identified in
portions of human and mouse cellular DNA, which
cross-hybridizes with the internal direct repeat IR3
repetitive region of Epstein–Barr virus [22, 23]. It has
been found that (GGA)n oligonucleotides can form
homoduplex or quadruplex under certain conditions,
and triple-strand DNA complexes with double-strand
DNA containing (GGA:CCT)n [24, 25]. In this work, the
effects of various divalent metal ions on the formation
of purine-rich triple-helix DNA between GGA or GGT
oligonucleotides and target duplex (GGA:CCT) were
studied by electrospray ionization Fourier transform
ion cyclotron resonance mass spectrometry (ESI-FT-
ICR-MS).
Experimental
Materials
Manganese acetate was purchased from Aldrich (Mil-
waukee, WI, USA), nickel(II) acetate from Fluka Chemie
(Buchs, Switzerland), zinc acetate from Sigma Chemical
Co. (St. Louis, MO, USA), and five other acetates were
purchased from Beijing Chemical Reagent Factory
(Beijing, China). All acetate reagents were dissolved
in Milli-Q water (Millipore, Billerica, MA, USA) at
a concentration of 100 mM. Single-strand oligode-
oxynucleotides (5=-CTC CTC CTC CTCC-3= CCT, 5=-
Figure 1. Schematic diagrams of G*G:C, A*A:T
Watson–Crick (W-C) (\\\\) hydrogen bonds in
studied. (Y: strand containing only pyrimidin
containing both purine and pyrimidine.)GGA GGA GGA GGAG-3= GGA, 5=-GAG GAG GAGGAGG-3= GGA2, 5=-GTG GTG GTG GTGG-3= GGT)
were purchased from Takara Biotechnology Co., Ltd.
(Dalian, China) and used without further purification.
Stock solutions of each single strand were prepared at 1
mM concentration in Milli-Q water and the concentra-
tions were estimated by their UV absorbance at 260-nm
wavelength with the extinction coefficients provided by
the following website: http://scitools.idtdna.com/
analyzer/Applications/OligoAnalyzer/. The solutions
containing three single strands (CCT  GGA  GGA2
or CCT  GGA  GGT) in 150 mM ammonium acetate
(pH  6.8), with or without divalent metal ions, were
heated to 90 °C for 15 min and slowly cooled at 4 °C
overnight to form the DNA triplexes (tsGGA or tsGGT).
The solutions of DNA duplex (mixture of GGA and
CCT) or single strands (CCT, GGA, or GGT) were
annealed at 90 °C at the same conditions as the DNA
triplex.
Mass Spectrometry
The stock solutions of DNA were diluted with H2O/
MeOH, giving a final concentration of DNA of 10 M
and 20% MeOH, and directly injected into the source
region at a rate of 4 L/min. All ESI mass spectra in
negative-ion mode were acquired using an IonSpec
HiRes Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR-MS) (Lake Forest, CA, USA) with
a 7-T shielded superconducting magnet and a Micro-
T*A:T triplets with reverse-Hoogsteen (Ê) and
x DNA, and the sequences of the DNA triplexes
: strand containing only purine; R/Y: strandand
triple
e; Rmass Z-spray electrospray source. The spray voltage,
1283J Am Soc Mass Spectrom 2009, 20, 1281–1286 NONCOVALENT INTERACTIONS OF TRIPLEX DNA AND CATIONSsource, and probe temperature were set at 2400 V, 80
and 100 °C, respectively.
Results and Discussion
DNA Motif without Metal Ions
Solutions containing DNA single strands were annealed
and detected by ESI-MS respectively. For single-strand
CCT, peaks corresponding to the single strand in 3- and
4- charged ions and dimer in 5- charged ions were
observed in the mass spectra (Figure 2a). Besides these,
NH4
 adduct ions of purine homodimers (GGA:GGA
[DR:R 3NH4
]5 atm/z 1670.467; GGT:GGT [DR/Y:R/Y
3NH4
]5 at m/z 1656.090) were also detected for both
GGA and GGT (Figure 2b and c). Figure 2d shows the
mass spectra of target DNA duplex, the mixture of
single strands CCT and GGA in 1:1 M ratio. The peaks
corresponding to normal Watson–Crick (W-C) duplex
(GGA:CCT [DR:Y]
6 at m/z 1317.369) and unbound
single strands are observed as well. Mixtures of target
duplex and the third strand GGA2 or GGT were also
analyzed by ESI-MS. Only the peaks of single strands,
W-C duplex, and homodimer were observed, and no
peak of trimer complex was detected at all in the mass
Figure 2. ESI-MS spectra of single strands CC
mixture of target duplex with GGA (e) or GGT
W-C duplex GGA:CCT; D : purine homodimR:R
GGT).spectra (Figure 2e and f). Because the GGA and GGT
form a homodimer, ssCCT became the base peak in the
spectra.
The NH4
 adducts of homodimers were mainly
observed, whereas that of the W-C duplex was not
detected, which suggested that the homodimers may
have structures different from those of W-C duplexes.
There are two possible structures, homoduplex and
quadruplex, for this homodimer, since (GGA)n and
(GGT)n were found to form either homoduplex or
quadruplex in the solution [24, 25]. The G-quadruplex
shows a tendency to embed NH4
 between two G-
quartets, to stabilize its structure, and yields NH4

adducts of G-quartets in the ESI-MS spectra [15, 16]. The
specific interactions between cations and homoduplexes
have not yet been systematically investigated. If the ho-
modimer is homoduplex, this indicates that the homodu-
plex might be stabilized by cations and can form specific
cation additions just like G-quadruplex does.
Mixtures of Metal Ions and DNA
Among numerous metal ions, the interaction of
alkaline–earth metal Mg2 and triplex DNA has been
, GGA (b), GGT (c) and target duplex (d), and
150 mM ammonium acetate (pH  6.8). (DR:Y:
GA:GGA; D : purine homodimer GGT:T (a)
(f) in
er G R/Y:R/Y
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intermolecular d(TC)n · d(GA)n · d(AG)n triplex, but
stabilizes the d(C)n · d(G)n · d(G)n triplex [10, 11]. In
this work, alkaline–earth metal ions Mg2, Ca2, or
Ba2 were added to the mixture of three single-strand
oligodeoxynucleotides before annealing. The annealed
mixtures were analyzed by ESI-MS and the results are
shown in Figure 3. The addition of 10 equivalents of
Mg2 to the mixtures of three oligonucleotides resulted
in the formation of noncovalent complexes containing
one magnesium ion bound to single strand or duplex.
For tsGGA (mixture of CCT GGA GGA2), no peaks
of homodimer were observed and tiny peaks assigned
to the triplex complex were observed in the spectra as
well, whereas for tsGGT (mixture of CCT  GGA 
GGT) no peak corresponding to a triplex was observed
(Figure 3a and b). When Ba2 was added to the mix-
tures, the complexes of Ba2 with single strand and
homodimer were observed in the spectra in the forms of
[S  Ba2]3 and [D  2Ba2]5 (Figure 3c: [DR:R 
2Ba2]5 at m/z 1714.621; Figure 3d: [DR/Y:R/Y 
2Ba2]5 at m/z 1700.199 and [DR:R  2Ba
2]5 at m/z
Figure 3. ESI-MS spectra of divalent metal ion
triplex helix DNA tsGGA (a, c, e) or tsGGT (b, d, f).1714.623). However, the peaks of W-C duplexes were
observed without Ba2 addition. The R and R/Y single
strands show higher affinities for Ba2 than Y strand.
Analogous ions were observed in the spectra of DNA
mixtures with and without Ca2, suggesting that Ca2
has no effect on the triplex DNA formation.
It should be noted that Mg2 ions can form com-
plexes with single strands, W-C duplexes, and ho-
modimers, whereas Ba2 ions can form complexes with
single strands and homodimers. Additionally, the
NH4
 ions were maintained when Mg2 ions attached
to DNA strands; however, the NH4
 ions were replaced
when Ba2 ions attached to homodimers. These results
imply that the interaction sites or modes of Mg2 differ
from those of Ba2, whereas Ba2 ions occupy the same
binding sites as NH4
 with higher binding affinities
than NH4
, which will be discussed in the next section.
Taking Co2 as an example, mass spectra of DNA
mixtures in the presence of 100 M Co2 ions are
shown in Figure 3. With the addition of Co2, triplex
complexes were observed in the spectra. For tsGGA, the
ions consisting of four Co2 ions bound to the triple
2 (a, b), Ba2 (c, d), or Co2 (e, f) mix with thes Mg
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2]7 at m/z 1757.965), as well as
ions assigned to single-strand–Co2 and duplex–Co2
complexes (Figure 3e). For tsGGT the spectra was
dominated by the triplex–5Co2 ([TR/Y*R:Y  5Co
2]7
at m/z 1754.929) complex ions and only tiny single
strands and their Co2 addition ions could be observed
(Figure 3f). Analogous ions were also observed in mass
spectra of DNA mixtures with the addition of Ni2 and
Zn2. The mass spectra of mixtures of Cu2 and Mn2
with DNA are also similar, where the peak abundances
of triplexes are quite low, with nearly 10% relative
abundance. When the ratio of metal ion and DNA
decreased to 4:1 (40 M for metal ions), ESI-MS spectra
were similar to that of pure DNA. The peaks corre-
sponding to metal–DNA complexes decrease sharply,
especially for tsGGA, and triplex ions can be observed
only in mixtures with Co2 or Ni2 (Supplemental
Figure S1), which can be found in the electronic version
of this article).
The DNA duplex annealed with Co2 yields single-
strand, duplex, and corresponding metal adduct ions;
no triplex ion (Supplemental Figure S2) was observed.
As trapping times are increased, the intensities of metal
adduct ions increased gradually, indicating that gas-
phase nonspecific complexes of the metal ions with
analytes were formed during the electrospray process.
To prove the triplex complexes mainly formed in the
solution, 10-fold of metal ions in equivalence were
added to the annealed DNA mixtures before ESI anal-
ysis. Taking tsGGT mixtures with Ba2 and Co2 as
examples (Supplemental Figure S3), the metal ion ad-
ducts of single strand and W-C duplex, as well as NH4

adducts of homodimer, were observed in the ESI-MS
spectrum; no triplex DNA complex was observed. Ad-
ditionally, the third strand was replaced with an un-
complementary strand. After the mixture of the target
duplex DNA and the uncomplementary single strand
was annealed in the presence of Co2, no triplex ion
was observed in the ESI mass spectrum (Supplemental
Figure S4). These results suggest that the observed
DNA triplex complexes were specifically formed in
solution with the assistance of certain metal ions.
Effects of Divalent Metal Ions on Formation of
Purine-rich Triple-Helix DNA
To compare the effects of divalent metal ions to forma-
tion of purine-rich triple-helix DNA, the fractions of
triple helix were calculated with the following equation:
Fraction of triple helix Itriplex/(Iduplex Itriplex)
where I represents the relative intensities of free DNA
or DNA–metal complexes.
Figure 4 shows the fractions of triplex DNA in the
mixtures of divalent metal ions and DNA strands. The
higher values of the fractions of triplex DNA indicate
more triplex formed and greater stabilization of metal
ions to triplex DNA. It is indicated that the stabilizationof divalent cations to purine-rich triplexes is in the
order of Co2  Ni2  Zn2  Cu2 Mn2 Mg2.
Ca2 and Ba2 do not stabilize the purine motif tri-
plexes and Ba2 significantly stabilizes the homodimer.
The effects of bivalent cations on triplex formation
are not yet well understood. Based on the aforemen-
tioned results, the effects of metal ions on formation of
purine-rich triple-helix DNA are considered to be the
charge neutralization—to reduce the repulsion between
three phosphate frameworks—because triplex DNA
has a higher charge density than that of either duplex or
single-strand DNA. Besides binding phosphate, diva-
lent cations have been found to interact with various
sites on nucleic acid, including N and O of bases [26,
27]. When an electrophile interacts with N7, the forma-
tion of reverse-Hoogsteen hydrogen bonds would be
enhanced, thus improving the stability of the purine-
rich triplex [6, 10, 28]. Although Mg2 may coordinate
with N7 and O6 of guanine (Figure 1), it is primarily
bound to the phosphate group [27] and slightly assists
the formation of triplexes. Because transition-metal
ions, especially Co2, Ni2, and Zn2, show higher
affinities for purine N7 than alkaline–earth metal
ions [10, 28], they can efficiently enhance the reverse-
Hoogsteen hydrogen bonds and boost formation of
the triplex.
Inhibiting self-structures of G-rich oligonucleotides
may be the other reason. Since self-association of G-rich
oligonucleotides could decrease triplex formation, in-
hibitory effects of monovalent cations (especially K)
on purine-rich triplex formation might relate to the
promotion of such competing self-structures [6, 9]. In
this work, Ba2 ions have been found to enhance the
formation of homodimers, so it might inhibit triplex
formation like K does. It has been proved that cations
with an ionic radius in the range 1.3–1.5 Å fit well
within two G-quartets and facilitate self-aggregate of
G-rich oligonucleotides, and Ba2 with the ionic radius
1.34 Å assists this self-aggregate more efficiently than
NH4
 (ionic radius 1.43 Å) [29]. Mg2 with an ionic
radius of 0.65 Å is too small to inlay into the G-quartets,
which might be the reason that NH4
 coordinated with
Figure 4. Fractions of triplex based on five times ESI-MS mea-
surements of divalent ions and triplexes mixtures.homodimer could be replaced by Ba2 but not by Mg2.
1286 WAN ET AL. J Am Soc Mass Spectrom 2009, 20, 1281–1286The differential between Ba2 and Mg2 implies that
the cation size is an important factor for the binding
mechanism. The sizes of transition-metal ionic radii
(Co2, 0.78 Å; Ni2, 0.78 Å; Zn2, 0.74 Å; Mn2, 0.80 Å;
Cu2, 0.69 Å [30]) may be involved in their coordination
to triplex. Taking ion radius into account, we might
draw the assumption that an ionic radius in the range
0.74–0.78 Å is the optimal size for a cation to boost and
stabilize the structures of GGA*GGA:CCT and GGT*
GGA:CCT triplexes.
Conclusion
The nonconvalent complexes of 8 divalent metal ions
with triple-helix DNA were studied using negative ion
ESI-MS. The presence of divalent metal ions plays an
indispensable role to formation of purine-rich triple-
helix DNA. Compared with alkaline–earth metal ions,
transition-metal ions, especially Co2 and Ni2, show
superiority in the boosting of triplex DNA formation.
On the contrary, Ba2 ion facilitates the formation of
homodimer. The effects of metal ions on formation of
purine-rich triple-helix DNA are very complicated,
which are related not only to simple electrostatic phe-
nomena but also to the ion radii, binding sites, and
some uncertain factors. Although the secondary and
tertiary structures of DNA complexes, such as purine
homodimer, are not well known at present, ESI-MS
displays its unique advantages in speed, stoichiome-
tries, and sensitivity in analysis of noncovalent interac-
tions between metal ions and nucleic acids.
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